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Abstract 

Baryon number generation due to the decay of particle-antiparticle pairs 
created from cosmic string loops is studied. In the situation when cusp evap- 
oration occurs a significant baryon asymmetry (baryon/entropy - 10% : E 
is a net baryon asymmetry generated from one pair of particle-antiparticle) 
can be generated. 
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1 Introduction 

Cosmic strings [I] are topological defects which are generated at the grand uni- 

fication phase transition in the early universe. In particular cosmic string loops, 

which are produced by an intersection of two infinite strings or a self-intersection 

of an infinite string, can work as seeds in the process of galaxy formation [z]. Cos- 

mic string loops oscillate with period w L/2 (L: size of a loop) and their sizes 

are reduced by emitting gravitational radiation. The radiation rate is estimated 

as - G/L* where p is the line density of the string and is expressed by using grand 

unification scale 0 (- DFM,r ) as p w or. 

Recently Srednicki and Theisen [3] and Brandenberger [4] have discussed energy 

loss by particle-antiparticle emission from string loops. They have considered the 

coupling between the Higgs field responsible for strings and another “Higgs” field 

and have found that “Higgs” particle-antiparticle pairs are emitted mostly from 

so-called cusps. But they concluded that energy loss due to particle-antiparticle 

emission is negligible in comparison with that by gravitational radiation. 

In this paper we study baryon number generation from cosmic strings assum- 

ing that emitted “Higgs” particles decay into quarks and leptons with violation 

of baryon number conservation. Although particle-antiparticle emission is ener- 

getically negligible, it may generate a significant baryon number asymmetry in 

our universe. The baryon number generation from cosmic strings was studied by 

Bhattacharjee, Kibble and Turok [S] but from a different context in which the 

baryon number is generated in the collapsing phase of string loops. Their scenario 

is based on the assumption that the string loops collapse by the self-intersections 
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rapidly but this assumption contradicts with the galaxy formation scenario by 

cosmic strings. 

The existence of cusps where strings move with the velocity of light is very 

important in considering particle-antiparticle emission. In reality cusps cannot 

exist because strings have a finite width (- 0-r ) but a part moving close to the 

speed of light may exist. Furthermore in such a region microscopic interactions 

may dominate over the macroscopic dynamics of the strings and the cusp region 

may be evaporated by particle-antiparticle emission. 

It seems that strings without cusps do not play any important role in the 

emission, but it is not the case for a new type of cosmic string loops which were 

found by Garfinkle and Vachaspati [6]. Those loops have kinks instead of cusps. 

We will show that kinky loops emit particle-antiparticle pairs at the rate similar 

to the loops with cusps. 

The particle-antiparticle emission rate is estimated in two ways. First we cal- 

culate an emission rate by a perturbative method when the string state is changed 

little by the emission. However non-perturbative processes may be more impor- 

tant. We cannot estimate the emission rate precisely in this case, but we can obtain 

a rough estimate by considering the evaporation of the cusp region [4]. Baryon 

number generation in both processes is considered in this paper and it is concluded 

that a significant baryon number can be generated when cusp evaporations occur. 
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2 Perturbative process 

We first consider the perturbative emission from cosmic loops following Srednicki 

and Theisen [3] and Brandenberger 141. A complex scalar field C$ which is respon- 

sible for strings may couple to various other fields. Here we assume that 4 couples 

to another scalar field $ via the interaction lagrangian: 

Lnt = -X141V2 (1) 

Let us introduce a real field ‘p defined by 

P = Ml- 0 (2) 

where (o = 0 far from the string and p = -o at the center of the string. The 

amplitude for a string state 1.5 > to emit two “Higgs” particles and to become a 

state IS” > is given by 

< S’;&$~IS >- X 
I 

d’zexp[i(ki + kr)s] < S’]~r]S > (3) 

If the string state is not changed by the emission process, we can replace < S’] 

with < 5’1. Since strings are very thin, ‘p deviates from sero only on the strings. 

Hence < S]pp2]S > is expressed by 

< Sl&s >- / ,” &ls”(S,t)1263(2’ - s’(c,t)) (4) 

where Z is the vector describing the string location and is a function of two pa- 

rameters < and t. s’ satisfies the equation of motion and gauge conditions : 

2= ,-,r 
, 

(;* + = 1 
(5) 
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Eq.(3) is expressed by using the periodicity of s’ as 

< S’ : $,1&p >sr 2xX c a,6(E - 4nn/L) (‘31 
” 

2 L 
a, = - L D 4I~‘(s,~)l*exd-~~~ %,t)l J 

where E and k’ are the total energy and momentum of a particle-antiparticle pair. 

The total number of particle-antiparticle pairs from one loop with size L is given 

by 

N = EN,, 
n 

Nn = 2~ / (2T;:;;k;l (2x;:;;k;) bnlZ6(E - 4dL) 

where kl and k2 are the momenta of the emitted particle and antiparticle. The 

dominant contribution to N comes from a cusp for an ordinary loop and N is 

estimated approximately by 

N - $1 i - i In ntnoz/nmin - i 

%nor - 04 %bim N (m+L) 
312 

(9) 

provided that L 5 d/d + , i.e. the minimumenergy of emitted particles (m~‘2L’/2) 

[3] is smaller than o. 

3 Kinky loops 

There are families of string loops which satisfy eq.(5) and have no cusps. Among 

them, a family of loops with kinks is very interesting because those may be gen- 

erated naturally by an intersection of two strings. The kink runs around the loop 

4 



with the velocity of light in one direction and is present at all times. The simplest 

kinky solution of eq.(5) is [6]: 

(10) 

Q,t) = gq-t)+@+t)] 

a’ = &-$i QlEIr 

($+$)A 

b’ 3 (p)jj 

r<f<27r 

Olrlln 

= 
( 

gq+: 2 
> 

?r<q<27T 

where i and j are constant unit vectors and [ and n are defined by [ = (2sl.L) (c- 

t) and n = (2x/L)(< + t). Substituting this into eq.(7) we get 

where nr and ns are defined by nr = L(g* i)/4x and nr = L(c. i)/47r Since 

n z+ n1,nz , 1% r is approximately given by 

laA2 = (i&J’ -$sin’ (:(n + n,)) sin’ (i(n + Q)) 

1 L 21 

( > 
- 

= 4 2x2 ;E? (12) 

Hence from eq.(8) we get expression of N as 

N = x(1/127r4Ln) - ; 
” 

(13) 

This is the same order of magnitude as that obtained in the string loops with 

cusps. 
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4 Cusp evaporation 

So far we have neglected the width of the string. This is because the width of 

strings is very thin (- o-r ) and may not affect their global motion. However in 

the region where cusps arise the width of the string cannot be neglected and the 

cusp region may be smoothed. Near the cusp the string solution is given by [7] 

3. = t-~(cf+c:+C:) (;+a) -cle* (ty+$) 

*v 
t2 + 52 = q- +c2ft+c,(;+f9) +c5 (t?+$) 

3. = c3ft:cs(;+fQ) +++;) 

(14) 

where cr, cs and cs are constant of the order l/L and ~4, cs, cs and cr are constants 

of the order l/Ls. As is seen from eq.(14) at the cusp (t, <) = (0,O) two branches 

of the string are very close. Therefore if the string width is taken into account, 

two branches are overlapped in the cusp region. In such a region the particle- 

antiparticle production may proceed very rapidly through the interaction of es.(l). 

This process cannot be treated perturbatively. We, however, do not yet know how 

to treat this non-perturbative process properly. 

In the extreme limit the cusp region may evaporate. Then the emission power 

of particle-antiparticle pairs is estimated as [4] 

P -j&se/L - p(aL)-‘/3 

where se = u-~/~L’/~ is the length of the cusp region and is defined by 

(15) 

Is’(O, SC) - qo, -cc) I L u-1 (16) 
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Then the emission rate N is given by using the average energy of particle-antiparticle 

pair < E > as 

N - (oL)lir< E > (I’) 

< E > is expected to be between rn$ and cr. 

5 Baryon number generation 

We can now estimate baryon number generation from string loops. Baryon number 

asymmetry is produced if emitted particle-antiparticle pairs decay in a way which 

violates baryon number. Here we do not specify any model or any interaction 

which violates baryon number conservation. Instead we introduce a parameter s 

which is the average baryon asymmetry produced by the decay of one particle- 

antiparticle pair. The mechanism of baryon number generation we consider here 

is almost the same as that due to Higgs decay in the inflationary universe. The 

difference is whether Higgs particles are produced by inflaton decay or by cosmic 

string decay. 

The created particle-antiparticle pairs do not contribute to the baryon asym- 

metry when the temperature is higher than the mass of particles. This is because 

the inverse decay processes erase the baryon asymmetry at such a high temper- 

ature. When the temperature cools below the mass of the particles, the inverse 

decay processes are suppressed by the Boltzmann factor - exp(-m+/T). There- 

fore we assume that the inverse decay is neglected after the temperature drops 

below m.~/lO. Then the baryon number produced by cosmic string loops is given 
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/ / 

3 

ng N - dt dLcN(L)nal(t, L) 
1. (18) 

where qt(t,L) is the distribution function of loops and R is a cosmic scale factor 

and t, is the time at which the temperature becomes m+/lO and is given by 

where Nr is the effective number of helicity states ( w 100 ) 

(a) perturbative process 

In the case of perturbative emission considered in sections 2 and 3 the particle- 

antiparticle emission can be neglected energetically in comparison with the gravi- 

tational radiation. Then the distribution of string loops is determined by gravita- 

tional energy loss [2]: 

(1) t. < t < (7G&‘t. 

i 

yp/~L-v t.<L<t 
%t = 

0 L < t. 
WJ) 

(2) t > (yGp)-‘t. 

1 
“t-3PL-v~ (7Gp)t < L < t 

m = 
147Gp)-~/~t-~ 

(21) 
L < (~GP) 

where t. is the time when effects of friction between strings and surrounding matter 

become negligible. Before t. the motion of string loops inside the horizon is highly 

damped by the friction and string loops may shrink rapidly. Using eqs.(lS) -(21) 
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we get the final ratio ns of baryon to entropy : 

qB = F 1’4 N 8nw (GP)~(~GP)-~ (22) 

114 
for m$, > ml z 10 (G4 (7G&“‘Mpi 

and 

tie = 8 X lo-‘m~ (16;fNg)-1’z ($)3(Gp)3(7Gp)-1 (23) 

mserting GP = lO-s,yGfi = lo-’ and Np = 100 into eqs.(22) and (23), qB is 

estimated as 

fl‘¶ - lo-“W min (1, ( lo~~eV)3) < lo-r0 

Therefore this contribution to the present baryon asymmetry (- IO-“‘) is negiigi- 

ble. 

(b)Cusp evaporation 

Energy loss by cusp evaporation is not negligible in the early stage of string 

evolution (- t. ). Let us consider the lifetime of loops for this energy loss. Since 

the energy loss per unit time is p(oL)- r13, the lifetime is then ~L/(~(cTL)-~‘~) = 

L4’3a”3. Hence the minimum size of loops which survive more than one cosmic 

expansion at time t is - t3f’a-‘f’ while that for energy loss by gravitational 

radiation is - 7G,ut. As a result the minimum size of loops is determined by cusp 

evaporation ss - t3f’o-‘f’ until the cosmic time equals to t3 = (7Gp)-*(Gp)-1’2t,l. 

The distribution function of loops is then modified by 

(1) t. < t < (G/.+“*t,l s t2 
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n.t = 
1 Cl 

(2) t2 < t < t3 

( 

yt-v=L-~‘2 
n.t = 

0 

t.<L<t 

L < t. 

Pf’o-“4 < L < t 

L < p’“@-“’ 

(yGp)t < L < t 

(25) 

%t = 147G&=/~t-’ t3”o-‘I4 < L < (7Gp) 

0 L < p”~-“’ 

where t2 is the time at which loops with size t. decay out. Then the final ratio of 

baryon to entropy is given by 

(27) 

(GP)~“(~G~~M~, z 7713 -c rn+! < m2 

t,B = 103TCV ($-)““(T)-’ 
(2’4 

for 9 < m3 
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If we take Gh = 10m6 and yGp = lo-’ then we get the final ratio of baryon to 

entropy ss is shown in fig.1. 7s increases as the average energy of emitted particle- 

antiparticle pairs decreases. It turns out that 7s - O(lO-‘)cv if the mass rn$ is 

about 1O’O GeV and < E >- m ,J. It is possible to account for present baryon 

asymmetry in this case. While 7s reduces to (10-s - 10-i”)cv for < E >= o 

and me > 10i”GeV. Furthermore the estimation is based on uncertain assumption 

that cusp evaporation really occurs. We should regard this estimation as an upper 

limit for non-perturbative emission from string loops. 

6 Conclusion 

As was seen in the previous section the perturbative emission has a negligible 

effect on the baryon asymmetry in our universe. Only non-perturbative effect may 

contribute to the present baryon asymmetry. It is, however, difficult to perform a 

precise estimation for non-perturbative effect. 

In this paper, assuming that cusp evaporation occurs, we have estimated 

baryon number generation, and have found that a significant baryon number can 

be generated. Unfortunately, so far, we have no positive evidence of cusp evapo- 

ration. If it really occurs, those cosmic string loops may account for not only the 

galaxy formation but also the baryon asymmetry in our universe. 
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Figure Caption 

Fig.1 Final baryon-entropy ratio 7~ as the function of “Higgs” msss mg for 

< E >= m+, D and Mpi. 
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